We study the fluctuations in the measured atmospheric CO2 records from several stations and show that it displays 1/f noise and multifractality. Using detrended fluctuation analysis and wavelet based methods, we estimate the scaling exponents at various time scales. We also simulate CO2 time series from an atmospheric chemistry-transport model (CTM) and show that eventhough the model results are in broad agreement with the measured exponents there are still some discrepancies between them. The implications for sources and sinks inversion of atmospheric-CO2 is discussed.
Atmospheric carbon dioxide is thought to be one of the greenhouse gases primarily responsible for the current phase of global warming [1] . In view of this significance for the global climate and life on earth, considerable effort has gone into measuring CO 2 from various platforms in the last several decades. Direct record of atmospheric CO 2 is available since the 1950s and hourly time series are constructed more recently at several measurement stations [2, 3] . In the context of atmospheric systems, where the mean behaviour is reasonably well known from such long term records, the fluctuations decide the actual outcome. However, the fluctuation properties of CO 2 time series have not been studied in sufficient detail. Such a study would help identify the class of process, e.g, correlated random walk, Levy flight etc., underlying the CO 2 biogeochemistry and will provide a clue if it is a selforganised critical system. Secondly, this would serve as a diagnostic tool to compare the outputs from ab initio atmospheric CTMs as well as to constrain the processes that could be represented in them. This could lead to better understanding of the global CO 2 cycle.
Scale invariance and 1/f noise are considered to be the signatures of complex systems [4] . In recent years, several time series from physiological, economic, physical systems including those of atmospheric parameters have been subjected to scaling and spectral analysis [5] . If x(t) be the given time series, then the scaling can be expressed as, x(αt) ≈ α H x(t), where the symbol ≈ denotes statistical equality and the the scaling exponent H is also called the Hurst exponent. In many of naturally occuring phenomena, a suitable measure of their fluctuations F (L) displays a power law as a function of length L of the time series, i.e, F (L) ∝ L H . Physically this implies that if 0 < H < 1 then they are long range correlated. In particular, H = 1/2 corresponds to white noise and H = 1 to 1/f noise. A suitable stochastic model of long range correlations is the fractional Brownian motion (fBm) [5] . Significantly, many natural processes such as the temperature and precipitation (as also many economic and physiological time series) behave like a fBm process and exhibit long range correlation with a exponent that is claimed to be universal in some of those cases. For instance, in the case of temperature fluctuations at inland sites far from the oceans the exponent is H ≈ 0.65 [6] . See also Ref [7] for a debate. Similar analysis of rainfall has been used to suggest that rain events might be a case of self-organised criticality (SOC) [8] . Infact, the idea that many natural processes might display 1/f noise and SOC-like behaviour [9] is one of the impetus for this line of research. However, to the best of our knowledge, the fluctuation properties of the chemical species in the atmosphere such as CO 2 have not been studied. In this letter, we examine the experimentally measured high frequency (hourly) CO 2 time series from 28 stations and show that their flucuations display a power law with H ≈ 1 corresponding to f −β (β ≈ 1) noise at intermediate frequencies. We also simultaneously examine the model simulations of atmospheric-CO 2 and discuss its implications.
The measured CO 2 concentrations constitute a nonstationary time series and hence we apply the detrended fluctuation analysis (DFA) [10] to quantify the fluctuations and its behaviour in the spectral domain. An alternative approach is to use wavelets [11] of appropriate basis such that it allows for separation between high and low frequency components through successive levels of decomposition. We will only briefly mention the techniques here since both the methods are widely reported in the literature [10, 11] . We denote by x(k) the CO 2 concentration in parts per million (ppm) measured at discrete times k = 1, 2, ....k max . The corresponding integrated series given by,
The detrending is done by dividing the series y(t) into M segments each containing τ data points and by empirically fitting a linear, quadratic, cubic ... functionỹ(t) to each of them. Then, the fluctuations about the fitted trend in each of the segment is obtained as, The fluctuations F (τ ) averaged over all the M segments of size τ is denoted by F (τ ) . In many cases,
H . In the case of standard random walk, H = 3/2. Note that the exponent H is related to the power spectral exponent of x(k) through β = 2H − 1 and to its fractal dimension D = 2−H [5] . We also obtain the fluctuation function F (τ ) using Daubechies wavelet [11] , an orthogonal wavelet family with largest number of vanishing wavelet coefficients. We perform 9 levels of wavelet decomposition corresponding to quadratic detrending.
The hourly CO 2 data are available in the public domain for 28 stations, some of which have long period of measurements going as far back as 1972 [3] . As a typical case, Fig 1(a) displays the time series of CO 2 concentrations in ppm obtained at Brotjacklriegel, Germany. Apart from the hourly fluctuations, the profile shows an approximate periodicity of about one year which is related to the consumption pattern of CO 2 by the vegetation in the northern hemisphere. In Fig 1(b) , we show the result of DFA performed on this data. Two distinct scaling regimes can be identified. For a time scale of few hours to two weeks, denoted by blue line in Fig 1(b) , we obtain a best fit slope of 1.440 and this closely corresponds to 3/2 one gets for a random walk process. For a time scale of about 30 days (shown as black line), the estimated slope is 0.953 and this regime closely corresponds to 1/f noise. At longer time scales beyond τ > 300 days, we see an approximate white noise like behaviour with H ≈ 0.512. In order verify that these correlations are genuine, we create a surrogate by randomly shuffling the series while retaining the same distribution. Random shuffling would kill the correlations present in the data. The DFA performed on this shuffled surrogate data (shown as a dashed line) has a slope of 0.517, in close agreement with the white noise exponent of 0.5. We have also verified the DFA exponents using the wavelet decomposition as well. The power spectrum in Fig 1(c Fig 1(b) are related to the power spectral exponents β in Fig 1(c) through β = 2H − 1. The results in Fig 1(c) also indicate that at low frequencies the spectrum is approximately flat representative of white noise. This succession of three different regimes in the power spectrum corresponding to white noise (f 0 ) at low, 1/f noise (f −1 ) at intermediate and random walk (f −2 ) at high frequencies can be generated from a superposition of exponential relaxation processes of the type N (t) = N 0 exp(−λt) with the uniform distribution g(λ) of relaxation rates λ [12] . While it might be tempting to suggest this as a model for atmospheric-CO 2 variability, further work needs to be done both at the level of statistics and much more in terms of CO 2 science to understand the modeling aspect further. Further, we will present results to show that this scaling behaviour is generic to hourly CO 2 data from all the stations, with the notable exception of Samoa and South Pole.
As shown above, Fig 1(b) displays atleast three distinct scaling regimes which indicates the possibility that CO 2 time series could be a multifractal. In a monofractal, all the moments of the fluctuations have the same scaling exponent H. For a multifractal, qth moment is given by,
and the exponents H q are dependent on order q. We compute H q using multifractal-DFA (MFDFA) and wavelet formalism [13] and in Fig 1(d) , we show H q plotted against q. Note that at q = 2, we have H 2 = 1.062, in close agreement with H obtained using DFA and wavelet methods earlier. We will show that CO 2 series from all the stations display multifractal characteristics. Our aim in rest of the study is to show that the scaling results presented in Fig. 1 are generic to almost all the sites for which the data is available. For this purpose, we consider the following 8 stations [14] chosen to represent various geophysical features; namely, Waldhof (LGB), Schauinsland (SSL) both in Germany, Ryori (RYO), Hateruma (HAT) both in Japan, Barrow (BRW) in the USA, Jubany (JBN) in Argentina, Puszeza Borecka (DIG) in Poland and Anmyeon-do (AMY) in Republic of Korea. We show the DFA fluctuation functions for these stations in Fig 2(a) . In all the cases, atleast two distinct scaling regimes are visible; the blue line represents the random walk type scaling regime while the black line represents the 1/f noise type scaling. The mean dfa exponent for these stations in the former regime is H ≈ 1.404 ± 0.125 while for the latter it is H ≈ 0.978 ± 0.087 closely approximating unity necessary for 1/f noise. The power spectrum shown in Fig  2(b) provides a direct evidence of this. Beyond this, at longer time scales of about 130 days (log τ > 3.5), some of the stations, AMY for instance, display white noise type scaling as indicated by the dashed line. However, the white noise regime does not seem to exist in all the stations. In order to obtain a global picture, the histogram of DFA exponents for all the stations is shown in Fig 3. Note that most of the exponents assume a value between 0.8 and 1.1 which is our central result that intermediate frequency CO 2 series exhibits 1/f noise. The power spectrum of these stations (not shown here) also confirms the 1/f scaling. In Fig 3(b) , the histogram of H for short time scales of less than 14 days (1/f 2 regime) is shown. Most of the exponents lie within the range 1.3-1.7, in close vicinity of 1.5 needed for 1/f 2 type power spectrum.
Thus, Figs 2 and 3 taken together reveal 1/f noise (indicated as black line) for a time scale of approximately 30 -50 days in high frequency CO 2 records and it joins the host of other phenomena that display 1/f behaviour [4] . Performing similar analysis on the daily averaged data (not shown here) shows up 1/f noise on similar time scales.
The theoretical modelling of CO 2 fluxes is presently an important activity and it reflects the current understanding of global CO 2 cycle [15] . In order to compare our observation based results against a theoretical benchmark, we perform scaling analysis using DFA on the time series obtained from atmospheric CTM. We simulate the atmospheric-CO 2 time series using a transport model and prescribed surface fluxes due to oceanic exchange (monthly), terrestrial biosphere (3-hourly) and annual mean fossil fuel emission [16] . The transport model is based on the CCSR/NIES/FRCGC atmospheric general circulation model (AGCM) nudgged with NCEP-FNL analysed wind vectors and temperature [17] . The AGCM includes transport of chemical constituents due to advection, convection, and turbulent mixing processes. (shown as blue line) though about half of them assume values in the range of 0.7 to 0.8. The overlap between the two histograms in Fig 3(a) shows an overall broad agreement along with the differences in details that reflects partly the modelling deficiencies. For instance, it is known that the correlation between the measured CO 2 fluxes and the simulated ones for seasonal time scales (corresponding partly to 1/f scaling regime) is 0.8 or greater [15] . The histograms for the f −2 random walk type regime in Fig 3(b) shows that even more discrepancies exist between measured and model results. This is because the synoptic scale (∼7-10 days) variations in CO 2 are not reproduced by the model simulations (correlation 0.5 or smaller) [15] . With this short period of simulation experiment, namely 2 years, it is not possible to observe the white noise regime.
The results presented above are generic for most of the stations except remote sites like Samoa and South Pole. Significant deviations are observed mainly in the f −2 regime at remote observation sites, roughly in proportion to the distance from the regions of fastest CO 2 exchange, namely the forested lands and countries with greater human activity. For instance, the large deviations between the scaling exponents from modelled and observed time series are seen for the periods until 2, 7, 8 and 74 days at Izana, Samoa, Mauna Loa and South Pole, respectively.
This comparison results suggest that the transport and flux models are fairly realistic over the region of fast and large CO 2 exchanges at the surface. But further studies are required to understand the behaviour of CO 2 variations at the remote sites like Samoa and South Pole. Both these stations display significant deviations from the scaling results presented above. We believe, such information can be used as a diagnostic tool for testing the terrestrial and ocean ecosystem flux model results as appropriate. In sources and sinks inversion of atmospheric-CO 2 , the forward model simulation lengths of basis functions and presubtracted fluxes are dictated by the flux memory in CO 2 time series [18] . Thus such scaling analysis would help in defining the forward simulation lengths and the time scale of future flux inversion studies.
Further, we show that multifractality is generic to CO 2 time series. We calculate H q for the observed data at stations shown in Fig 4 using MFDFA and wavelet formalism. We stress that the results from multifractal-DFA [13] and wavelets are quantitatively similar. The MFDFA results from modelled CO 2 time series also exhibit multifractality, though they do not agree quantitatively with the observation based results. This once again suggests that the models are picking up broadly the correct behaviour in atmospheric-CO 2 but missing out the details.
We have studied the scaling properties of highfrequency atmospheric-CO 2 time series at 28 stations around the globe. At intermediate time scales of about a month, CO 2 data exhibits 1/f noise. At shorter time scales of about a week, we get 1/f 2 noise. We also show that the CO 2 series is a multifractal implying that manty different time scales are present in the system. We also examine the ab initio atmospheric chemistry model outputs and show that the model results reasonably reproduce the statistical properties of the measured series. The implications of these results in estimation and analysis of surface fluxes are discussed.
